Viral proteins are not naturally selected for high affinity major histocompatibility complex (MHC) binding sequences; indeed, if there is any selection, it is likely to be negative in nature. Thus, one should be able to increase viral peptide binding to MHC in the rational design of synthetic peptide vaccines. The T1 helper peptide from the HIV-1 envelope protein was made more immunogenic for inducing T cell proliferation to the native sequence by replacing a residue that exerts an adverse inf luence on peptide binding to an MHC class II molecule. Mice immunized with vaccine constructs combining the more potent Th helper (Th) epitope with a cytotoxic T lymphocyte (CTL) determinant developed greatly enhanced CTL responses. Use of class II MHCcongenic mice confirmed that the enhancement of CTL response was due to class II-restricted help. Thus, enhanced T cell help is key for optimal induction of CTL, and, by modification of the native immunogen to increase binding to MHC, it is possible to develop second generation vaccine constructs that enhance both Th cell activation and CTL induction.
The paradigm that the best vaccine is one that most closely mimics natural infection applies to viruses that produce acute infection leading to long-lasting protective immunity. However, HIV, which produces chronic infection that is usually ultimately fatal, may not fit that paradigm. Moreover, it would not be expected that natural selection would favor viral sequences that are highly immunogenic. Thus, it might be possible to alter viral sequences to enhance immunogenicity (1, 2) . This approach is supported by the recent finding that alteration of a residue in an HIV pol epitope increases binding to HLA-A2.1 and in vivo immunogenicity for induction of CD8 ϩ cytotoxic T lymphocytes (CTL) (3), as well as by related findings in other viral or tumor systems (4) (5) (6) (7) . Precedent also exists for increased CD4 ϩ helper T cell recognition by altered peptides from our own studies of an HIV envelope peptide (8) as well as from studies in other systems (9) (10) (11) . We have called this approach of increasing major histocompatibility complex (MHC) binding without loss of recognition by virus-specific T cells ''epitope enhancement'' (2, 12, 13) .
Our previous studies in mice showed that covalent linkage between a helper and a CTL epitope was important for optimal in vivo induction of CTL, especially in the absence of physical entrapment as in an adjuvant emulsion (14) . Although broadly recognized natural and artificial helper epitopes have been identified (10, 15, 16) , including ones from tetanus toxoid, to which most people are already immune (16) , there is an advantage in using epitopes from HIV itself in that natural boosting can occur early after exposure whereas this might not be expected to occur if the helper epitopes are not present in the virus. Moreover, Th1 helper T cell responses specific for HIV have been suggested to contribute to protection, perhaps through production of cytokines (17) , so induction of appropriate CD4 ϩ helper T cell responses to HIV epitopes may be important for a vaccine independent of the other sources of help for antibody or CTL responses. We have previously identified helper epitope-containing cluster peptides from the HIV envelope that are broadly presented by both murine and human class II MHC molecules (18) and have incorporated these into vaccine constructs, PCLUS 3-18MN and 6.1-18MN, (14, 19, 20) that are now in clinical trials. One of these helper sequences, PCLUS 3, encompasses the first helper epitope identified in an HIV protein, the T1 peptide (KQIIN-MWQEVGKAMYA, residues 428 -443 in the HIV-IIIB gp160 envelope protein) (21) (22) (23) , that also has been used in a peptide vaccine construct, T1-SP10A, now in human clinical trials as well (24) (25) (26) (27) (28) . Thus, enhancement of the activity of this peptide might be valuable in developing second generation vaccines. Linkage of such an enhanced helper epitope to a CTL epitope might generate a more efficacious vaccine for induction of both helper T cells and CTL.
To show proof of principle in a murine model, we took advantage of the findings that residues other than motif anchors (29) may exert a negative or adverse influence on peptide-MHC binding affinity (8, 30 ) and that we could identify a substitution in the T1 peptide itself that increased its binding to a murine class II MHC molecule without loss of recognition by T cells specific for the HIV sequence (8) . Replacement of residue 436 (glutamic acid) with either alanine or glutamine produced two substituted peptides that were several logs more potent than wild-type peptide in stimulating a Th cell hybridoma specific for T1 in vitro. The wild-type glutamic acid has a fairly large side chain with a negative charge. Because activity was enhanced when this was replaced by the small, uncharged side chain of alanine, or uncharged glutamine, which is the same size as glutamic acid but not the smaller, negatively charged aspartic acid, it is likely that the negative charge was responsible for the adverse reaction. Competition studies with an unrelated peptide, cytochrome c peptide, which also binds to the same class II molecule I-E k , showed that the alanine-substituted peptide competes much more effectively than the wild-type T1 peptide (8) , indicating that higher affinity binding to the MHC molecule can account for most, if not all, of its greater potency. Thus, we have seen that removing an adverse reaction in the natural peptide sequence can actually lead to a more potent antigen. We now have asked whether this greater in vitro potency would translate into greater immunogenicity in vivo for induction of helper T cells and whether this would allow us to construct a more effective vaccine for induction of CTL also.
MATERIALS AND METHODS
Peptide Synthesis. Multideterminant cluster peptides containing discrete overlapping T helper cell epitopes that elicit help in mice and humans of multiple MHC types were colinearly synthesized with P18IIIB, the major neutralizing antibody epitope located at the tip of the V3 loop and an immunodominant CTL epitope in mice and humans, to form a synthetic peptide vaccine construct. The constructs used for immunization were PCLUS 3-18IIIB, KQIINMWQEVGKA-MYAPPISGQIRRIQRGPGRAFVTIGK [comprised of Th determinants from HIV-1 IIIB envelope, amino acid residues 421-444 according to numbering in the Los Alamos sequence database (31) linked to P18IIIB shown in bold, amino acid residues 308-322], PCLUS 3-I13, KQIINMWQEVGKAMY-APPISGQIRRIQRGPGRAFVTI, PCLUS 3(A)-18IIIB, KQI-INMWQAVGKAMYAPPISGQIRRIQRGPGRAFVTIGK, and PCLUS 3 (A)-I13, KQIINMWQAVGKAMYAPPISG-QIRRIQRGPGRAFVTI. Peptides were synthesized on an automated peptide synthesizer (model 430A; Applied Biosystems) using t-boc chemistry as described (32) . The peptides were cleaved from the resin with HF and initially purified by size exclusion chromatography (P4 Biogel; Bio-Rad). Purification to single peaks was achieved by reverse-phase HPLC on bondapack reverse-phase C18 analytical and preparative columns (Waters). PCLUS 3-18IIIB and PCLUS 3(A)-I13 were synthesized and purified by Peninsula Laboratories and were single peaks on HPLC in two solvent systems as well as by mass spectrometry. . Fourteen days later, spleen cell cultures pooled from two mice were stimulated in vitro with 0.5 M peptide P18IIIB. 10% Rat T Stim (Collaborative Research) was added as a source of T cell growth factors 12 h poststimulation, and effectors were assayed for CTL 6-7 days later. Cytolytic activity of in vitro-stimulated secondary CTL was measured as described (14) using a 6-h assay with 51 Cr-labeled peptide-pulsed targets. The percentage of specific 51 Cr release was calculated as 100 ϫ (experimental release Ϫ spontaneous release)͞(maximum release Ϫ spontaneous release). Spontaneous release was determined from target cells incubated without added effector cells and was Ͻ10% in all experiments. The transfected fibroblast line 18 neo (H-2 d ; class I MHC ϩ , class II MHC Ϫ BALB͞c 3T3 fibroblast transfected with the neomycin resistance gene, a gift of Ronald Germain, National Institute of Allergy and Infectious Diseases) was used as a target. The assay was performed in triplicate, with 5000 target cells͞well. CTL data were found to be normally distributed based on the Shapiro-Wilk test, and means were plotted as arithmetic means Ϯ SEM. Error bars smaller than the symbols could not be shown. Lysis of target cells without peptide was Ͻ10%. A two-way ANOVA was applied to the CTL lysis data, thereby averaging the respective values for each curve over all of the effector-to-target ratios. Means for each treatment were compared using a Tukey multiple comparison test as described (34) . Alternatively, when data are represented as percentage-specific lysis vs. effector-to-target ratio in a titration of effector cell numbers, the number of lymphocytes required to achieve a given level of lysis can be determined. The ratio of these numbers for titration curves of two different effector populations gives the inverse ratio of frequencies of specific effectors in these populations. These values are referred to as relative numbers of lytic units at a given percentage of lysis. Statistical analysis was done using the JMP Statistical Software Program (SAS Institute, Cary, NC) on a Macintosh computer (Apple Computer, Cupertino, CA).
RESULTS AND DISCUSSION
To determine if the enhanced in vitro activity of the Alasubstituted T1 peptide would be effective with a polyclonal Th line specific for T1, a CD4 ϩ T cell line was developed from B10.BR mice immunized with the wild-type peptide in incomplete Freund's adjuvant. The response to the substituted peptide T1(A) 436 was equal to the native T1 sequence at the highest dose of peptide tested, but the substituted peptide was active at a Ͼ10-fold lower concentration of peptide than the native peptide for stimulating a comparable level of proliferation (using as a threshold for activity to elicit proliferation a response four times over the background of 250 cpm, i.e., 1000 cpm; Fig. 1A ).
To determine whether this modification would make a more potent vaccine in vivo, i.e., whether we could immunize with the more potent substituted peptide and induce a more effective immune response against the natural HIV sequence in H-2 k mice, which have the relevant class II molecule I-E k , we immunized with different doses of either the wild-type peptide or the Ala-substituted peptide in CFA, and proliferative responses of draining lymph node T cells against the natural HIV T1 peptide were measured. Thymidine incorporation in response to peptide was normalized to PPD response (a mycobacterial antigen present in CFA) to control for mouse-to-mouse variability. At the highest dose used for immunization, the substituted peptide induced a higher response than T1 (Fig. 1B) . At a 10-fold lower dose for immunization, the wild-type T1 peptide no longer appeared to be immunogenic, but the substituted peptide was still eliciting a response higher than that elicited by the wild-type peptide at a 10-fold higher dose. Even at a 100-fold lower dose, we still obtained some response to immunization with the substituted peptide. Thus, if we can immunize with a more potent peptide to induce the immune response, that immune response may now be effective against the wild-type viral sequence, even though the wild-type sequence itself is less effective at inducing an immune response. Indeed, subdominant epitopes could potentially be made dominant. To see whether the enhanced Th determinant would provide greater help for induction of CTL, vaccine constructs were made in which the more potent helper peptide was linked to a CTL epitope, P18IIIB. As Th epitope, we used the slightly longer PCLUS 3 multideterminant cluster peptide containing T1 because this cluster peptide was used to broaden reactivity with diverse human and mouse MHC molecules for our peptide vaccine studies (14, (18) (19) (20) , and this construct, PCLUS 3-18MN, is now in a phase I clinical trial. In addition, the CTL epitope used in this study, P18IIIB, RIQRGPGRAFVTIGK, was truncated by two residues to a 13-mer P18-I13, RIQRG-PGRAFVTI, to eliminate a serum processing requirement found necessary to generate the minimal epitope (35) (36) (37) . Previous work with multideterminant cluster-peptide vaccine constructs has shown a strict requirement for CD4 ϩ cell help in production of neutralizing antibody and the induction of CTL (14, 19, 20) . The second generation vaccine construct using the modified enhanced Th and CTL epitopes was more effective at inducing a CTL response than the native construct at all doses tested (Fig. 2) . At the 3-nmol dose, the second generation construct induced Ͼ17-fold more lytic units (defined at 25% specific lysis). Furthermore, the modified construct was effective at the lowest dose tested whereas the native construct at this dose barely induced a CTL response.
Although we have seen in three previous studies (14, 20, 38 ) that covalent linkage of a helper epitope to the CTL epitope enhances immunogenicity for induction of CTL, compared with mixtures of the helper and CTL epitopes, we wanted to confirm the same was true in the case of the modified helper epitope. As shown in Fig. 3 , the minimal CTL epitope peptide, I10, is not immunogenic at all in the absence of a helper epitope. Addition of the unmodified helper epitope T1 (not covalently linked) had only a marginal effect whereas admixture of the modified helper epitope T1(A)436 resulted in substantial CTL activity. For both the unmodified and the modified helper epitopes, covalent linkage to the CTL epitope resulted in significantly better CTL induction than just mixing the corresponding pairs of peptides. We conclude that the enhanced activity of the modified helper epitope is mediated more effectively if it is covalently linked to the CTL epitope but that the activity is so much greater that it is even effective to some extent when noncovalently mixed with the CTL epitope peptide.
Because a change in the CTL epitope was made in addition to modification of the helper epitope, it was necessary to determine the relative effects of the modified CTL epitope and modified Th epitope in enhancement of CTL induction. We addressed this question by two approaches, one using the genetics of MHC presentation and one involving the synthesis of additional peptides to cover all combinations of helper and CTL epitopes.
First, to test genetically whether the enhanced induction of CTL was linked to the MHC class II molecule to which the modified T1 peptide binds with higher affinity, we immunized congenic mice expressing the different class II molecules I-E k and I-A s , but with the same class I molecule D d . Both I-E k and I-A s present T1 and PCLUS 3, but only I-E k , not I-A s , binds the Ala-substituted peptide with higher affinity (8, 21, 39) . The CTL response to P18IIIB-pulsed targets was significantly better in A.AL mice expressing the relevant I-E k class II allele (P Ͻ 0.05, Tukey-Kramer HSD test) whereas no difference in CTL induction was found in A.TH mice expressing I-A s (Fig.  4) . Thus, enhanced activity of the second generation vaccine construct depends primarily on more effective binding of the Th epitope to the class II MHC molecule. These results also emphasize the importance of strong class II MHC-restricted T cell help in optimally inducing class I MHC-restricted CTL. Second, to examine all possible combinations of the original and modified helper and CTL epitopes in vaccine constructs, we made two new constructs, one containing the native helper epitope and truncated I13 CTL determinant and the other with the PC3(A) 436 substitution only and the full length 15-residue P18IIIB CTL determinant. All four combinations were then compared side-by-side to see which modification contributed the most to the overall enhancement. Enhancement for CTL induction was primarily due to modification of the helper epitope because both constructs containing PC3(A) 436 were significantly better than those using the native helper epitope PC3-P18IIIB and PC3-I13 (P Ͻ 0.05; Fig. 5 ). Induction of CTL did not decrease further upon decreasing the peptide dose 3-fold with the second generation constructs whereas both constructs containing the native T1 helper sequence elicited a lower CTL response at the lower dose. At the 5-nmol dose, PC3(A)-18IIIB elicited over 33-fold more lytic units than did PC3-18IIIB. Truncation of the CTL epitope alone (I13) did not produce a response significantly different from that of the construct containing the full length CTL epitope (P18IIIB) although we have frequently observed a slight enhancement of the CTL response with the truncated PC3-I13 construct compared with PC3-P18IIIB. Therefore, enhanced CTL are elicited at a lower immunization dose when the enhanced helper epitope is included in the construct, and this effect is observed over a 10-fold range in peptide concentration. We conclude from both the genetic and the peptide synthesis experiments that increasing class II MHC-restricted T cell help by modifying the helper epitope is the predominant mechanism by which the second generation vaccine constructs more effectively elicit CTL and, as a corollary, that the level of CD4 ϩ T cell help is an important factor in the induction of CTL in vivo.
In a previous publication (8), we showed that the modified T1 (A) 436 peptide had a higher affinity for binding to I-E k than the wild-type T1 peptide. Here we have shown that the modified peptide was more immunogenic in vivo in mice expressing I-E k for induction of T cell proliferation and that a vaccine construct containing this modified helper epitope was more immunogenic for induction of CTL than the corresponding wild-type construct. The correlation between increased affinity for MHC and increased immunogenicity in vivo does not in itself prove cause and effect. However, we also show here that the immunogenicity increase is genetically linked to the presence of the appropriate class II MHC molecule, implying that the increase depends on the interaction with the class II MHC molecule, rather than some nonspecific effect such as a difference in stability in vivo. In addition, although stability in vivo cannot be assessed directly, we have examined functional stability in undiluted mouse serum at 37°C using the proliferative response of a T1-specific CD4 ϩ T cell line as a measure of functionally active peptide. For the duration of the experiment (13 h), T1 was remarkably stable, and T1 (A) 436 was, if anything, slightly less stable. Thus, the greater activity of the T1 (A) 436 peptide cannot be attributed to greater stability and, based on the genetic experiments, must involve interaction with the class II MHC molecule. Therefore, although more complicated explanations might be devised, the most straightforward interpretation of all of the data is that the increase in immunogenicity is a direct result of the measured increase in affinity for the class II MHC molecule.
A single amino acid change in a peptide residue involved in binding the MHC molecule, i.e., an agretopic residue, may lead to enhanced binding and increased immunogenicity (3, 5) . Indeed, heteroclitic T cell responses have been demonstrated by modification of peptide antigens that result in an increased affinity for MHC molecules or for the T cell receptor (4, 9, 11) . Non agretopic residues, not involved in binding MHC, may also influence binding by directly inhibiting interactions with the MHC or by imposing a conformational constraint on the peptide's ability to bind MHC. In addition, flanking residues, outside the minimal epitope presented by the MHC, may adversely influence processing and underscore the importance of defining minimal epitopes in peptide-based vaccine design (40, 41) . Mutations in the MHC molecule that affect amino acid residues lining the peptide binding groove may also influence peptide binding in an allele-specific manner or the interaction of T cell antigen receptor with the peptide-MHC complex (42) . Also, we have shown that the potential to elicit more cross-reactive CTL and increase the breadth of the CTL response may be achieved by stimulating CTL primed in vivo with a peptide that contains a single amino acid substitution that differs in chemical structure from the key native T cell antigen receptor contact residue (43) . Conversely, substitutions made in an amino acid residue that can positively interact with the T cell antigen receptor, i.e., epitopic residues, may lead to nonrecognition by the T cell, such as seen in escape mutants, inhibition of the T cell response (antagonism), or an altered pattern of cytokine secretion (44) (45) (46) (47) (48) . Thus, antagonism, which can also result from other alterations in the peptide-MHC complex (49, 50) , must be avoided in making modified immunogens.
Induction of CTL has been shown to require a higher density of peptide-MHC complexes on stimulatory cells than is required for susceptibility of a target to lysis (51) . Such higher density could be achieved by enhanced affinity for MHC, using sequence modifications such as that illustrated here. Thus, this epitope enhancement approach might allow induction of CTL responses to naturally subdominant epitopes, which may not have elicited escape mutants. Furthermore, in the case of tumor vaccines, this approach could make immunogenic epitopes that, in native form, would be too weak to be tolerogenic. Thus, tolerogenicity of more dominant tumor antigens in bulky tumors could be circumvented.
Although these precise second generation vaccine constructs were designed to be more effective in mice, not humans, they demonstrate proof of principle that this sequence modification approach to epitope enhancement can lead to more potent peptide vaccines. Other modifications that enhance binding to human HLA molecules must now be determined to apply this concept to human vaccines. The unmodified helper peptides PCLUS 3 and PCLUS 6.1 have been found to be immunogenic in humans, based on preliminary results of a clinical trial (52), but they could potentially be made even more effective by this approach. In addition, we would like to test this type of approach in nonhuman primates, in which protective efficacy could be assessed. Furthermore, the approach is not limited to peptide vaccines because similar modifications that enhance MHC binding without altering T cell recognition could in principle be applied to recombinant viral or bacterial subunit vaccines or recombinant viral or bacterial vectors expressing such recombinant proteins. Even live attenuated virus vaccines could be similarly enhanced.
